The complicated constitutive behaviour of cast iron, involving a non-linear elastic regime, tension-compression stress asymmetry, varying elastic modulus and an inflection in the tension-tocompression hardening curve, is investigated using a micromechanical modelling approach. In this way, it is demonstrated that the abnormalities observed in the constitutive behaviour are qualitatively and quantitatively explained by the interaction behaviour between the matrix and graphite constituents. In initial tension, the absence of linearity is rationalised by the successive loss in load-carrying capacity of the graphite phase due to debonding, which in subsequent cycling, results in the opening and re-contact of the matrix-graphite interface. This effect is demonstrated to result in tension-compression asymmetry in stress and elastic modulus, as well as the inflection in tension-to-compression loading. The given model of explanation is validated by comparison to the experimentally acquired microscopic strain field in EN-GJV-400 at locations where stress concentrations are generated due to the matrix-graphite debonding, using highresolution digital image correlation of scanning electron images.
Introduction
Cast iron is a wide family of materials frequently employed in various engineering applications, for instance in the automotive industry (Trampert et al., 2008; Dawson, 2009; Ekström and Jonsson, 2014) , due to their favourable castability, thermal conductivity and cost. As new components are conceived and developed in this context, information about the resulting mechanical and fatigue performance is often desired, which normally is acquired either by prototype laboratory testing or through computer simulations. Evidently, the former procedure is always more reliable than the latter, however it is more time and cost consuming since the prototype must be manufactured, tested and evaluated. Consequently, there is an increasing industrial demand for accurate simulation techniques in order to be less dependent on resource-intensive prototypes and to reduce the time-to-market.
The concept of simulation-based design is not new and it is frequently employed in engineering areas. Normally, it involves finite element (FE) analyses which often include fatigue lifetime assessment when the component is subjected to cyclic load conditions, as in the case of many engine components (Trampert et al., 2008; Zhang et al., 2013; Sharifi et al., 2016) . Both model procedures require constitutive material models, which are the equations describing the thermo-mechanical behaviour of materials. However, cast iron has been shown to be a very complicated material regarding its mechanical behaviour. In particular, there are four distinct abnormalities which can be identified in Fig. 1 ; (i) the absence of a linear-elastic regime, (ii) tension-compression stress asymmetry, (iii) varying elastic modulus and (iv) an inflection in the tension-to-compression hardening curve.
Based on experimental observations, the above phenomena have been hypothesised to originate from the two-phase https://doi.org/10.1016/j.ijplas.2018.11.019 Received 25 September 2018; Received in revised form 23 November 2018; Accepted 30 November 2018 microstructure of cast iron through the interaction between the embedded graphite phase and the surrounding matrix (Gilbert, 1961; Haenny and Zambelli, 1983) . As later supported by more recent studies (Voigt and Loper, 1989; He et al., 1993) in which the graphite phase was seen to fracture or debond from the matrix at low tensile stresses, it was argued that the phenomena (ii) to (iv) derive from the opening and closing of the graphite phase (Gilbert, 1961) . In the same line of reasoning, the non-linear behaviour was proposed to originate from the local plastic deformation imposed by the resulting stress concentrations around the opened graphite particles (Haenny and Zambelli, 1983) . Interestingly, a similar microstructure-dependent behaviour including a tension-compression stress asymmetry is often observed in whisker and particulate metal matrix composites (Arsenault et al., 1987; Fernández et al., 2004) , which likely also derives from the conceptually similar inclusion-matrix structure. However in contrast, the underlying mechanism has most frequently been argued to be the residual stress field generated during cooling after the material processing due to the thermal expansion coefficient mismatch between the two phases (Arsenault et al., 1987; Allen et al., 1992; Fernández et al., 2004) . Analogously, it is not unlikely that this effect is present in cast iron materials as well (Bonora and Ruggiero, 2005) . At present, there are roughly two types of constitutive modelling approaches employed for cast iron; phenomenological and micromechanical models. The former type of models are typically based on the foundation set out by classical plasticity and thermodynamic theory of irreversible processes (Voyiadjis and Abu Al-Rub, 2003; Chaboche, 2008; Szmytka et al., 2010; Zhu et al., 2016) . On top of this, further complexity must be added to models intended for cast iron in order to capture the abnormalities mentioned above. In particular, more sophisticated yield functions have been considered, such as the Drucker-Prager (Altenbach et al., 2001; Ali et al., 2017) or the Gurson-Tveergard-Needleman yield function (Berdin et al., 2001; Seifert and Riedel, 2010) in order to reproduce the stress asymmetry. In contrast, the latter approach consists of investigating the averaged mechanical behaviour of a constructed volume element representing the microstructure, i.e. a homogenisation procedure (Zaoui, 2002) . Different approaches to select suitable representative volume elements (RVE) for cast iron have been considered in the past, such as the unit-cell approach (Gaudig et al., 2003; Bonora and Ruggiero, 2005; Pina et al., 2015; Andriollo et al., 2016) and the explicit FE modelling of the experimentally observed microstructure using microscopy or tomography methods (Pina et al., 2016; Metzger and Seifert, 2016; Kasvayee et al., 2017) . In general, the attention of these studies has been concentrated to the influence of the graphite phase inclusions on the overall mechanical behaviour. This is in contrast to the field of micromechanics dealing with polycrystalline metals, which rather is concerned with the homogenisation of the deformation behaviour of differently oriented single-crystalline grains (Roters et al., 2010; Neil et al., 2010; Qiao et al., 2015) .
Even though both experimental and theoretical research have been conducted on the deformation behaviour of cast iron, very few investigations have considered the behaviour when subjected to cyclic load conditions. In particular, there is at present a lack of consistent experimental evidence of the micromechanisms causing the mentioned abnormalities, and a unified model of explanation of the cyclic elastoplastic constitutive behaviour of cast iron has therefore not previously been presented. Accordingly, the objective of this investigation is to render a qualitatively general model which rationalises the mechanical constitutive behaviour of cast iron in uniaxial cyclic loading. This is done by employing a micromechanical approach in order to relate the macroscopic mechanical behaviour with the underlying microscopic behaviour, which is experimentally validated using high-resolution digital image correlation (HRDIC) of scanning electron microscopy (SEM) images (Di Gioacchino and Quinta Da Fonseca, 2015; Efstathiou et al., 2010; Sutton et al., 2007a,b) . For this purpose, a representative cast iron has been studied, namely a compacted graphite iron, EN-GJV-400; a commonly used material in heavy-vehicle diesel engines. Consequently, the micromechanisms responsible for the macroscopic behaviour are identified and modelled in this investigation. Due to the nature of these micromechanims and the general appearance of the cast iron microstructure, the conclusions are also demonstrated to be generally valid regardless of the cast iron type. Thus, a greater understanding of these materials has been achieved which is of great value for future development of cast iron constitutive models. Fig. 1 . Illustration of the mechanical behaviour of cast iron at room temperature, represented by the grey iron EN-GJL-250, including (i) the absence of a linear-elastic regime, (ii) tension-compression stress asymmetry, (iii) varying elastic modulus and (iv) an inflection in the tension-to-compression hardening curve. Figure (b) shows an enlarged plot of the initial tension loading sequence.
Materials and experimental procedure

Materials
The main purpose of this investigation was achieved by studying a compacted graphite iron (CGI), namely EN-GJV-400. However, cyclic tests and micromechanical model assessment were also carried out on a lamellar (LGI) and spheroidal graphite iron (SGI). The LGI material was an alloyed non-commercial EN-GJL-250 with enhanced mechanical properties at elevated temperatures, intended for cylinder head and block applications. The CGI was a fully perlitic EN-GJV-400 and the SGI was a fully ferritic high silicon and molybdenum EN-GJS-SiMo5-1 alloy, both commercially available and commonly employed in engine components. The chemical composition of EN-GJV-400 and EN-GJS-SiMo5-1 are given in Table 1 , while the composition of EN-GJL-250 is omitted due to commercial confidentiality. The EN-GJL-250 and EN-GJV-400 materials were cut from plates with a nominal casting thickness of 16 mm while the EN-GJS-SiMo5-1 plates had a nominal casting thickness of 18 mm. Furthermore, the latter was also heat-treated, namely a solution treatment at 900°C and a subsequent normalisation, in order to remove potential pearlite content.
The characteristic microstructures of the three materials are shown in Fig. 2 . These images were taken from regions cut out from the parallel section of untested specimens. Furthermore, the volume average of the graphite particle aspect ratio and the constituent volume fractions were determined using the software Axiovision SE64, ver 4.9.1, and the results are presented later in Sec. 3.1.
Cyclic testing
Strain-controlled cyclic mechanical tests were conducted on all three materials at 25 o C in order to obtain the macroscopic cyclic stress-strain behaviour of the materials. For this purpose, the prescribed strain cycle was selected with a strain amplitude of 0.58% applied symmetrically, i.e. with = R 1, and a strain rate of 0.003%/s. Furthermore, additional tests were performed in the same configuration but with a symmetrically superimposed high-frequent strain load with an amplitude of 0.02% and a frequency of 0.25 Hz. The latter tests were conducted in order to measure the unloading modulus, taken as the slope of the stress-strain curve during the unloading segment, at different locations in the load cycle. In addition, a validation test was conducted on EN-GJV-400 consisting of symmetrical cycles with different prescribed strain ranges, namely 0.2, 0.4, 0.6, and 0.8%, without superimposed highcycling. The strain cycles were each applied during five cycles and in increasing order.
The test specimens were cut from the cast plates and machined into the desired test geometry. Smooth cylindrical test specimens were used whose geometry was defined by a 6.0 mm diameter, 25 mm parallel length, 30 mm transition radius and a total specimen length of 145 mm. The specified specimen geometry was used for all three materials.
The tests were performed in an Instron 8801 servo hydraulic test machine in automatic computer control using a software provided by Instron. The strain was measured using an Instron extensometer with an extensometer gauge length of 12.5 mm.
High-resolution digital image correlation investigation
In order to validate the conducted micromechanical modelling work, an experimental procedure was performed in order to measure the microscopic strain field in the EN-GJV-400 microstructure and compare it to the model. In essence, this test consisted of a uniaxial tensile test followed by subsequent microstructural investigation in the unloaded condition to measure the residual strain field close to the graphite particles using high-resolution digital image correlation (HRDIC) (Di Gioacchino and Quinta Da Fonseca, 2015; Efstathiou et al., 2010; Sutton et al., 2007a,b) .
The mechanical test was performed using an Instron 5580 electromechanical tensile testing machine. The specimen was subjected V. Norman, M. Calmunger International Journal of Plasticity 115 (2019) 200-215 to a two-step loading program. Initially, it was loaded in tension to 330M Pa followed by unloading, then subsequently loaded in compression to −380M Pa and unloaded, see Fig. 3a , in crosshead position control at a constant strain rate of about 0.006%/s. The particular stress values were chosen in order to achieve a strain amplitude of about 0.4%. Accordingly, the microstructural images needed for the image correlation were acquired before the test start and after each unloading. Regarding the specimen, a miniature specimen was used with a parallel section of a length of 5 mm, a width of 5 mm and a thickness of 1.9 mm, see Fig. 3b . Thus, the specimen was designed to be able to fit within a SEM. The images were obtained in secondary electron mode using a HITACHI SU-70 field emission gun scanning electron microscope (FEG-SEM) with a 10 kV acceleration voltage, a working distance of 10 mm and a magnification of x3.00k. Accordingly, one side of the specimen was therefore mechanically ground and polished using a standard program suitable for cast iron, in order to achieve high-quality images. Moreover, the HRDIC technique demands that the images used for correlation have high similarity i.e. that the only change in the images comes from the deformation induced by the tensile test (Di Gioacchino and Quinta Da Fonseca, 2015) . Thus, to produce images free of rigid-body rotation and translation, the specimen was carefully aligned after each loading sequence using a specially designed specimen holder, see Fig. 3c . By the same reason, the working distance was kept constant between the images by adjusting the z position of the specimen in the SEM chamber, since an inconstant working distance will otherwise induce discrepancies (Sutton et al., 2007b) . Normally, an artificially generated speckle pattern is required in order for the image correlation to function (Winiarski et al., 2012; Tschopp et al., 2009; Pan et al., 2010; Efstathiou et al., 2010; Di Gioacchino and Quinta Da Fonseca, 2015) . However, since the studied cast iron had a pearlitic microstructure containing many different contrast features, i.e. a naturally existing speckle pattern, there was no need to add an artificial pattern. The selected microstructural sites to study were the matrix located near graphite particles since these are the locations at which the strain concentrations are generated. The graphite particles to study were also selected to be of average length and inclined at about 60°to the tensile direction, i.e. = 60 o in Fig. 4a , with the motivation that this orientation corresponds to the average inclination if the collection of all graphite particles are presumed to be randomly oriented.
An important aspect affecting the image correlation is the tendency of a FEG-SEM system to drift (Sutton et al., 2007a) . In order to compensate for this, three subsequent images were acquired for each investigated site and then image-correlated to estimate the drift velocity, according to a procedure similar to the one proposed by Sutton et al. (2007a) . Accordingly, the drift velocity
x y as a function of the scan time t can be approximately computed from a correlation of an image pair taken subsequently at the same location without changing any SEM configurations, as
where t is the scan time and t ( ) x is the horizontal drift displacement with reference to the image acquisition start time of the first image, T is the time shift between image acquisition start times of the image pair and u t ( ) is the DIC measured horizontal displacement between the images. The vertical drift velocity t ( ) y is computed accordingly from the vertical displacement v t ( ). The T/2 term arises because the differentiation is preferably done using a central difference. Due to the same reason, image triplets are required rather than image pairs such that the drift velocity can be computed for all position coordinates in the middle image of the triplet. Consequently, the image correlations between image triples were done using the middle image corrected by the artificial drift displacement given by the integration of the drift velocity field, i.e. Eq. (1). For this reason, the procedure also included a conversion of the scan time variable t to the corresponding position coordinates in the image, which was simply given by the scanning path taken to generate the SEM image (Sutton et al., 2007a) .
Regarding spacial distortion which has been emphasised to be significant for SEM systems (Sutton et al., 2007a) , no correction was done since the error was estimated to be smaller than the error caused by the repositioning of the specimen on the holder due to the intervening loading procedure done outside the SEM. By performing pre-tests consisting of correlations of images taken before and after such an act of removing the specimen from its holder but without causing any deformation, the highest possible error strain was estimated to be less than 0.1%.
The image correlations were performed using an open-source Matlab code written by Eberl et al. at the John Hopkins University and distributed by mathworks (Eberl et al., 2015) . The images were taken at 1280 × 960 pixel size and the pixel subset size for the HRDIC analysis was chosen as 91 × 91 pixels with a step size of 5 pixels. Within this software, the obtained displacement field was smoothed, using a Gaussian distribution of weights with a Gaussian kernel size of 31 control points and three smoothing passes. The smoothed displacement field was then subsequently differentiated in order to obtain the strain field.
Micromechanical model
In order to identify the micromechanisms affecting the mechanical constitutive behaviour, the cast iron microstructure was modelled. To this end, a unit-cell micromechanical approach was employed similar to Gaudig et al. (2003) in which the matrix was allowed to plastically deform. Such an approach allowed the simultaneous modelling of the microscopic and macroscopic mechanical behaviour, and consequently, helped connecting the deformation behaviour of the two length scales.
The macroscopic behaviour indicated by a micromechanical model is typically assessed as the average stress and strain of a representative volume element (RVE), which represents the considered heterogeneous microstructure (Hill, 1972) . Generally, the volume average stress over a domain D occupied by the RVE is defined as
where ij is the Cauchy stress tensor, c r and¯i j r ( ) the volume fraction and the volume average stress of the constituent r, and N the total number of constituents present in the microstructure. Analogously, the expression for the volume average strain¯i j can be written as
where¯i j r ( ) is the volume average strain of the constituent r, u i is the difference in displacement of two points originally in contact on the debonding constituent interface S k with the surface normal n j . The integral on the right-hand side arises due to the discontinuity in the displacement field caused by interface opening or slip, and is zero for perfect interfaces.
In this work, a uniform surface deformation of the RVE was considered in a small-deformation context, meaning that a constant infinitesimal strain tensor V. Norman, M. Calmunger International Journal of Plasticity 115 (2019) 200-215 where u i is the displacement and x j is the reference coordinates of the undeformed state. By reference to the average-strain theorem, it can also be shown that the constant surface strain tensor ij 0 equals the volume average strain¯i j (Qu and Cherkaoui, 2006) . Thus, the macroscopic behaviour was assessed as the functional dependence of the volume average stress on the volume average strain as dictated by the chosen RVE defined below.
Geometry of the unit cell model
In this approach, the graphite phase was modelled as isolated penny-shaped ellipsoids, with the minor axis equalled to c and the other two longer axes equalled to a, see Fig. 4a , embedded in a homogeneous steel matrix. Furthermore, the orientations of the graphite ellipsoids were assumed to be distributed uniformly, meaning that all graphites were supposed to be randomly oriented (Gaudig et al., 2003) . For this reason, the volume average stress was computed over a distribution of identical unit-cell models having different orientations with reference to the applied deformation, which was defined to be in the e z direction, see Fig. 4a . Thus, the volume average stress was also averaged over a distribution of graphite orientations specified by the angular position ( , ) of the minor axis direction. However, due to the uniaxial load symmetry and the symmetry of the unit-cell, only a change in the angle θ affects the average stress component in the loading direction. Therefore, this volume average stress component could be simplified to.
Where the numerical integration over θ was done using the trapezoidal rule over seven differently orientated models. Thus, each orientation indexed with q in the above summation had an angle q in the interval of 0 and /2 with reference to the applied deformation direction. Furthermore, is the incremental step between the modelled orientations (= /12), and¯( ) zz q is the calculated volume average stress component in the loading direction when inclined with an angle q .
Due to the elongated shape of the graphite in LGI and CGI, the standard cubic unit-cell modelling procedure is not possible since the length of the graphite would exceed the side length of the cube if the experimentally measured volume fractions of the two constituents are to be maintained (Gaudig et al., 2003) . For this reason, an alternative approach was taken, in which the unit-cell was given an ellipsoidal shape and concentric with the graphite ellipsoid, see Fig. 4b , thereby allowing the simulation of slender graphite shapes with the correct volume fractions. More precisely, the proportion of the unit-cell ellipsoid was selected such that the distance from the graphite edge to the outer edge in the a and c directions were equal, i.e. setting = = A a C c B in Fig. 4b . In addition, the model size was normalised setting A equal to unity. Under these premises, a was therefore unambiguously determined, as well as all other dimensions, by the condition 
where V g and V tot are the graphite and total volume and c g is the volume fraction of graphite, since c a / and c g were given by experiments.
The aspect ratio of the graphite ellipsoid, i.e. the ratio of c over a in Fig. 4b , was determined experimentally by analysing metallographic cross-sections using the Axiovision software, see Sec. 2.1. The software measured the value of the ratio of the major graphite axis l and the minor perpendicular axis d, a value equal to the inverse of the roundness of the graphite particle called the Löhe parameter, of all graphite particles observed in a metallorgraphic cross-section. The average value was computed as a weighted average over all graphite particles indexed with i as
where A i is the graphite particle area seen in the metallorgraphic cross-section.
Based on stereographic considerations, the average value was converted to the aspect ratio of the graphite ellipsoid, c a / , using the equation 
which previously has been derived to yield the expected value of the ratio of the cross-sectional major and minor axes for uniform distribution of randomly oriented disc-shaped ellipsoids (Gaudig et al., 2003) .
V. Norman, M. Calmunger International Journal of Plasticity 115 (2019) 200-215 205 The measured volume fractions and Löhe parameters, as well as computed average graphite aspect ratios, of the three considered materials are given in Table 2 . Regarding EN-GJS-SiMo5-1, the aspect ratio was not measured but simply chosen as unity due to the high degree of nodularity, see Fig. 2. 
Boundary conditions
The boundary conditions were employed as a uniform surface deformation governed by a selected time-dependent strain tensor ij 0 , as indicated by Eq. (4). The component of ij 0 in the uniaxial deformation direction was prescribed to be in accordance with the experimental uniaxial cyling, while the transverse contraction was free to vary. However, even though the transverse components of ij 0 were free, the condition imposed by Eq. (4) was always assured to be fulfilled. In the FE modelling, this was achieved by confining the degree of freedom of the surface nodes to a dummy node using an equation-based coupling involving the reference position of the surface nodes, i.e. using Eq. (4). Accordingly, the situation was analogous to cubic unit-cell models in which the displacement of the lateral cube faces is restricted to be uniform (Gaudig et al., 2003) .
As similar to the experiments described in Section 2.2, models conducted with partial unloading cycles were performed in order to acquire the variation in the elastic modulus, taken as the slope of the stress-strain curve during the unloading segment. For this purpose, partial unloading cycles were included in the component of ij 0 in the uniaxial deformation direction with a similar frequency and amplitude as in the experiments.
An important disadvantage with the unit-cell approach is the negligence of particle-particle interaction. For this reason, the cyclic uniaxial strain was applied in accordance with the Mori-Tanaka mean-field approach in which the neighbourhood of a particle is presumed to be subjected to the average matrix strain¯i j m rather than the overall average strain¯i j (Mori and Tanaka, 1973; Qu and Cherkaoui, 2006 ). The particle-particle interaction is still not explicitly modelled, however the method allows the inclusion of some of its effect. In fact, the Mori-Tanaka approach is considered a balanced compromise between high accuracy and reduced model complexity. It does not manifest the high level of accuracy as more complex micromechanical approaches such as the differential and general self-consistent methods do (Christensen, 1990; Christensen et al., 1992) . However, the deviation from the general selfconsistent method has been shown to be small if the inclusion volume fraction is low, i.e. less than 0.4 (Christensen et al., 1992) , which applied to the present case. For this tolerable cost in accuracy, cumbersome finite element implementations of for instance the differential or the general self-consistent method are avoided.
To implement the Mori-Tanaka approach, the applied average matrix strain,¯z z m ( ) , was equalled to the prescribed uniaxial strain, ( ) are the total, matrix and graphite volume average strain computed in the FE model. Since these variables were either prescribed or obtained, Eq. (10) was rearranged to acquire the value of the integral. Furthermore, Eq. (9) was also subjected to the averaging procedure accounting for all possible graphite orientations which was used to compute the average stress in Eq. (5).
As seen later in Section 4.3, the modelled microscopic strain field in the matrix is compared with experimental measurements conducted according to the procedure explained previously, see Section 2.3. For this purpose, a model only involving a 60°inclined graphite was conducted which was cut in its symmetry plane to obtain a free surface corresponding to the view plane observed in the metallographic procedure, see Fig. 5a . With the exception of the free surface, the procedure to apply the boundary conditions was the same as above, i.e. a uniform surface strain implemented using an equation-coupled dummy node, see Fig. 5a . The dummy node displacement was prescribed such that the volume average strain equalled a symmetrically applied strain cycle with a strain amplitude of 0.4% in accordance with the HRDIC experiments described in Sec. 2.3.
Table 2
Volume fractions and Löhe parameters, as well as computed average graphite aspect ratios, of the three considered materials. For EN-GJS-SiMo5-1, the aspect ratio was not measured and was instead taken as unity. 
Constitutive behaviour of the microstructrure constituents
As mentioned, the micromechanical model involved two constituents, namely graphite inclusions and a steel matrix, assessed with different mechanical constitutive behaviours. The graphite phase was modelled as a purely elastic medium possessing the elastic properties of a single-crystal graphite, as recently done by other investigators (Pina et al., 2015 (Pina et al., , 2016 . This corresponds to a highly anisotropic behaviour, here modelled as a transverse isotropy, due to the hexagonal crystallographic structure of single crystal graphite. Regarding the orientation of the crystallographic principal directions hklm with respect to the graphite particle geometry, it has been observed that the hexagonal crystallographic planes (0001) are often parallel with the major axes of lamellar graphite, since this is the growth direction (Itofuji et al., 1983; Roviglione and Hermida, 1994; Holmgren et al., 2007; Hatton et al., 2011) . This has also been seen to be valid for the compacted graphite shape (Itofuji et al., 1983; Holmgren et al., 2007) , even though the graphite structure sometimes manifested a mixed graphite growth mechanisms involving growth both in the parallel direction and in the normal direction of the (0001) crystallographic plane. When the latter growth condition prevails, spheroidal graphite nodules are generated, for which the (0001) crystallographic planes have been seen to be normal to the radial direction in graphite nodules (Itofuji et al., 1983; Holmgren et al., 2007; Hatton et al., 2011) .
Based on the above observations, the normal of the hexagonal crystallographic planes (0001), i.e. the first principal material direction of the transversely isotropic stiffness tensor, was chosen to be parallel with the minor axis c of the graphite ellipsoid for lamellar and compacted graphite iron. In contrast, for the spheroidal graphite iron, spherical symmetry was assessed such that the first principal material direction of the transversely isotropic stiffness tensor always lied in the radial direction emanating from the centre of the graphite nodule, following a previous investigation (Andriollo et al., 2016) .
For the considered materials, the matrix was either fully pearlitic or ferritic, with the possible existence of casting voids or other minor phases such as carbides. Thus, the matrix is on its own a subject for micromechanical modelling, however in this approach, it has been simplified to behave according to a standard metallic constitutive model available in Abaqus. It was supposed that the matrix was an elastoplastic medium for which the elastic behaviour was isotropic and linear-elastic and the onset of plastic flow was governed by the von Mises yield criterion. The subsequent plastic flow was modelled using the Armstrong-Frederick kinematic hardening law (Frederick and Armstrong, 2007) with two back stress terms, where the linear term is described by C i and the recovery by i . Fig. 5b shows the evolution of the maximum stress during the first 40 load cycles for the three studied materials. Clearly, cyclic hardening occurs in EN-GJV-400 and EN-GJS-SiMo5-1, and softening in EN-GJL-250, however the extent is not significant. For this reason, the constitutive behaviour of the matrix was assessed with kinematic hardening models described above, which do not incorporate cyclic hardening effects. For cast iron grades possessing significant cyclic hardening, it is proposed that this should be included by extending the kinematic hardening model of the matrix, such as introducing work hardening variables (Chaboche, 2008) .
Values of the elastic constants for single-crystal graphite were taken from Blakslee et al. (1970) and are given in Table 3 , while the elastic modulus and Poisson's ratio of the matrix were chosen as 210 GPa and 0.29 respectively, see Table 4 . Regarding the plastic behaviour of the matrix, no beforehand information was accessible and the plastic model parameters were therefore assessed by to a dummy node, denoted RP, and restricting the displacement of the surface nodes to it using an equation-based coupling available in Abaqus (Abaqus, 2012) . The free surface plane was left to be traction free, thereby corresponding to the view plane in the metallographic procedure. (b) Experimental and modelled maximum stress of EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo5-1 as a function of number of cycles when subjected to symmetrical cyling with 0.58% strain amplitude at room temperature. In the models, the matrix-graphite interface was assessed of being free of bonding forces, as discussed later in Section 3.4.
Table 3
Employed values of the elastic constants for single-crystal graphite (Blakslee et al., 1970) . The first principal direction is taken as the axis of symmetry which is the normal direction of the (0001) graphite crystallographic plane. Norman, M. Calmunger International Journal of Plasticity 115 (2019) 200-215 fitting the micromechanical model to stabilised hysteresis loops of the three considered materials. The fitted values are given in Table 4 . Due to the behaviour of kinematic models which result in negligible cyclic hardening when subjected to symmetrically applied stress or strain cycles, very few cycles were required to obtain a stabilised cycle. For the studied micromechanical models, no significant change in the hysteresis cycles was observed after the second load cycle, as demonstrated by the evolution of the modelled maximum stress included in Fig. 5b .
Modelling of the matrix-graphite interface
Two different interface behaviours were studied, namely a case of completely debonded interface without any bonding forces and a case in which a damage criterion was added governing the onset of debonding at a critical damage level. For the former interface behaviour, a normal and tangential behaviour were defined for the free interface. This behaviour was chosen to be a hard contact, meaning that no node penetration between the two contacting surfaces was allowed, as well as tangential friction contact with equalled static and kinetic friction coefficient, displayed in Table 5 , fitted to stabilised hysteresis cycles (Abaqus, 2012) .
For the latter interface behaviour involving successive debonding, a simple damage criterion available in Abaqus (2012) was added together with an initial cohesion condition. The damage criterion was taken as a maximum nominal stress criterion defined as 
where t n , t s and t t are the components of the contact stress in the normal and the two orthogonal shear directions respectively, and t n c , t s c and t t c are the corresponding critical values which for simplicity all were set to a common value of 300 MPa. Successive debonding was only studied in EN-GJV-400 and the chosen critical contact stress value was chosen in order to fit the first loading sequence when going from zero to the prescribed maximum strain value, see Sec. 4.2. Moreover, to avoid numerical convergence issues, the FE models were run with automatic stabilisation with default configurations as available in Abaqus (2012) . Fig. 6 compares the experimentally measured mechanical behaviour of EN-GJV-400 at room temperature and the fitted micromechanical model described in Sec. 3 when implemented with a completely debonded matrix-graphite interface. The figure shows the experimental and modelled uniaxial stress and unloading modulus in the two first cycles of a cyclic test at 25 o C and with a 0.58% strain amplitude. The observed agreement is good in both figures except for the first tensile loading sequence, which will be the topic of the next section. Nevertheless, the micromechanical model still incorporates the stress asymmetry and the cyclic variation in the elastic modulus seen in the experiments. Furthermore, it should be emphasised that it is only the Armstrong-Frederic parameters governing the matrix hardening behaviour which were fitted. Thus, the stress asymmetry and absolute values of the elastic modulus solely originate from the anticipated premises on which the micromechanical model was based. By decomposing the volume average stress of the cast iron microstructure using Eq. (2), Employed values of the elastic constants and the Armstrong-Frederick kinematic hardening model parameters of the matrix in EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo5-1. Table 5 Fitted values of the static and kinetic friction coefficient used for the matrix-graphite interface in EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo5-1. average stress estimated by the micromechanical model, three of the abnormalities presented in the introduction can be readily explained. Fig. 7 shows the volume average matrix and graphite stress from which it is clear that the graphite phase is only capable of supporting stress in compression due to the lack of bonding in the matrix-graphite interface. Consequently, since the graphite phase will support load in compression but act as voids in tension, stress asymmetry develops, in accordance with what has been previously assumed (Gilbert, 1961; Downing and Socie, 1982; Metzger and Seifert, 2016) and obtained in similar model approaches (Bonora and Ruggiero, 2005) . Accordingly, the elastic modulus will differ when the matrix and graphite are in contact and not, resulting in the cyclic variation seen in Fig. 6b , as similar to what first reported by Gilbert (1961) . Thirdly, even though the effect is not as clearly seen for EN-GJV-400 as in Fig. 1 , the inflection in the tension-to-compression hardening curve is also covered in line with intuitive argumentation made by other investigators (Gilbert, 1961; Downing and Socie, 1982) . This is because the average graphite stress component suddenly increases in magnitude at the point of matrix-graphite contact, as seen in Fig. 7 , which gives rise to an overall increased stress rate when going into compression.
Results and discussion
Identification of micromechanisms using the micromechanical model
In conclusion, the stabilised cyclic stress-strain behaviour is well accounted for given the microscopic premises discussed in Sec. 3, i.e. elongated single-crystal graphite particles embedded in a steel matrix without interface bonding forces. Regarding the last abnormality which most frequently has been observed in initial tension (Haenny and Zambelli, 1983) , i.e. the absence of a linear-elastic regime, it will be discussed in the next section.
The initial tensile loading sequence and the origin of the non-linear elastic regime
The model in its current state, i.e. when implemented with completely debonded matrix-graphite interface, is insufficient to account for the behaviour in the first tensile loading sequence, see Fig. 6 . Thus, it appears as if there is a fundamental difference in the mechanical behaviour in the first tensile loading sequence compared to the subsequent cycles, which can be due to a number of reasons as discussed below. More precisely, the material manifests a higher elastic modulus and hardening rate during the first loading sequence than what is expected from the micromechanical model, see Fig. 6 . The most plausible explanation for this is that there can be some bonding strength between the two constituents during initial tension before complete debonding occurs, which was To investigate this hypothesis, assumed interface cohesion and debonding properties were included in the model as described in Sec. 3.4. This is motivated since it has been observed that matrix-graphite debonding occurs successively in cast iron subjected to monotonic tensile loads (Voigt and Loper, 1989; He et al., 1993; Kasvayee et al., 2017) , which is likely to have an effect on the macroscopic stress-strain behaviour. The outcome of the extended model including successive debonding is given in Fig. 8 . By this modification, the elastic modulus and stress of the first cycle are adjusted by the contribution of a positive stress generated in the graphite phase due to the added bonding behaviour of the matrix-graphite interface, see Fig. 9 . As the macroscopic deformation subsequently increases, the graphite successively debonds from the matrix, resulting in the unloading of the graphite phase. Thus, the absence of a linear-elastic regime during initial tension is intuitively explained by the decreasing elastic modulus seen both for the model and experiments, see Fig. 6b , which as suggested by the proposed hypothesis, follows from the successive debonding of the graphite phase.
An alternative proposition to explain the non-linear elastic regime is the local plastic straining occurring in the matrix close to graphite tips which consequently can contribute to a macroscopic plastic strain increment below the macroscopic yield stress (Haenny and Zambelli, 1983) . Such local plastic deformation is clearly supported by the presented model, however the effect on the modelled macroscopic behaviour appears to very small for EN-GJV-400. This is demonstrated in Fig. 10 where the modelled volume average matrix stress is plotted against the volume average matrix strain for stresses below the yield stress of the matrix. The figure illustrates that the matrix behaves almost linear-elasticly in this load region, despite local plastic yielding, which therefore suggests that the effect is too small to produce an observable macroscopic plastic elongation. Nonetheless, this effect cannot single-handedly be responsible for non-linearity since it does not intuitively rationalise the decreasing elastic modulus of the first tensile loading sequence seen experimentally, see Fig. 6b . Interestingly, the local yielding also explains why the apparent yield strength of the modelled cast iron grade is lower than the prescribed yield strength of the matrix. This is simply because the resulting local plastic strain contributes to a macroscopic plastic elongation, even though the latter does not become observable until the average matrix stress is near the prescribed yield strength, see Fig. 10 . A third possible explanation is the effect of the plausible residual thermal stresses developed during the casting solidification process as a result of the thermal expansion coefficient mismatch of the two constituents. Using neutron diffraction, such residual thermal stresses generated by the manufacturing process have been observed in metal matrix composites (Allen et al., 1992; Fernández et al., 2004) , which is a microstructurally similar material compared to cast iron. Furthermore, through a numerical investigation by Bonora and Ruggiero (2005) , the residual stress effect has been demonstrated to contribute to a decreasing elastic modulus in monotonic tension in cast iron, as similar to the experimental behaviour, see Fig. 8b . On the other hand, measurements using Raman spectroscopy have indicated that the residual stresses in the graphite phase in LGI and SGI are negligible (Cooper et al., 2003) . Thus, it is at the moment uncertain whether or not the residual stress effect is of significance for the mechanical behaviour of cast iron.
A fourth important remark which could explain this effect, is the possible softening of the matrix constituent occurring during the initial tensile loading sequence. In particular, it has been demonstrated that low-carbon ferritic steels possess a higher resistance to plastic deformation during monotonic loading due to the existence of an upper yield limit associated with the pinning of dislocations by solute carbon atoms and the appearance of Lüders bands (Mughrabi and Christ, 1997) . On the other hand, since the considered compacted graphite iron is fully pearlitic, the effect is anticipated to be less important since this yield behaviour is normally not seen for medium and high-carbon steels, even though the Portevin-Le-Chatilere effect has been reported in pearlitic steels (Gonzalez et al., 2003) . Another possible origin to matrix softening is the secondary void formation within the matrix constituent which has been observed and modelled for SGI (Kuna and Sun, 1996; Liu et al., 2002; Hütter et al., 2015) .
In conclusion, there are many possible mechanisms, or combinations of them, to rationalise the stiff behaviour of the first tensile loading sequence and the non-linear elastic regime. However, supported by experimental observations of matrix-graphite debonding (Voigt and Loper, 1989; He et al., 1993; Kasvayee et al., 2017) and the good agreement with the micromechanical model, see Figs. 8 and 11, the debonding effect appears to be the most prominent. The latter figure shows the result of the model when compared to a cyclic test conducted with successively increased strain amplitude. Fig. 10 . Demonstration of the influence of local plastic straining before macroscopic yielding on the linear-elastic regime of the matrix in EN-GJV-400. According to the micromechanical model, the matrix behaves almost linear-elasticly in this load region, despite local plastic yielding. The images of the FE model were taken at the strain values marked in the stress-strain curve and show the plastic strain component in the tensile loading direction, which lies in the horizontal direction in the figure, close to a graphite inclined 60°to the loading direction, i.e. = 60 o in Fig. 4a . For this demonstration, the model was performed including the matrix-graphite debonding behaviour. Fig. 11 . Comparison of the micromechanical model, for which matrix-graphite debonding behaviour was included, and experiments regarding (a) the stress and the (b) cyclic maximum and minimum stress value in EN-GJV-400.
Model validation by microscopic strain field measurements
Figs. 12 and 13 summarise the results of the experiments which were carried out in the purpose of validating the micromechanical model by comparing the microscopic strain field of the adjacent matrix. Fig. 12 shows two examples of graphite particles which were selected to this end. In Fig. 13 , the micromechanically modelled and experimentally obtained residual strain field close to the graphite tips of the selected particles in Fig. 12 are compared. The micromechanical model was employed with the anticipated cohesion and debonding behaviour, see Sec. 3.4, and the strain fields are compared at the unloaded conditions marked out in the Fig. 12 . Backscattered electron SEM images displaying two examples of the graphite particles selected for measuring the microscopic residual strain. Fig. 13 . Results of the microscopic strain investigation including the load cycle applied to the specimen and the residual strain field measured using HRDIC compared to the micromechanical model. The left and right graphite particle correspond to the left and right particle in Fig. 12 . The strain images show the strain component in the tensile loading direction, which lies in the horizontal direction in the figure, and the colour bars are the same for the experiments and the model, in tension and in compression respectively. The micromechanical model was employed with the anticipated cohesion and debonding behaviour, see Sec. 3.4, and the images were taken close to a graphite inclined 60°to the loading direction, i.e. = 60 o in Fig. 4a . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) hysteresis loop, included in Fig. 13 . As seen in the figure, the comparison shows good qualitative agreement regarding the shape and magnitude of the localised strain zones. In addition, it is noted that the position shift in the location of the strain zones seen in the experiments is well accounted for in the micromechanical model. Consequently, the good agreement clearly supports the line of reasoning regrading the origin of the cyclic constitutive behaviour of cast iron conducted in the two previous sections, Secs. 4.1 and 4.2.
It is important to note that only a handful of graphite locations were studied which were selected due to their ideal position, i.e. with the closest neighbouring graphite particles relatively far away. Thus, it is perhaps arguable whether the comparison is completely justified since the outcome may be different if a large set of graphites with different nearest-neighbour distances would be studied. On the other hand, it can also be argued that the strain intensity must be dominated by the graphite particle generating it; while the distant particles may only cause a second order perturbation. In fact, this perturbation is included in the present micromechanical model in a smeared-out manner since the Mori-Tanaka method was adopted, see Sec. 3.2, which includes a strain intensification caused by the presence of surrounding inclusions (Qu and Cherkaoui, 2006) . Thus, despite the indulgent circumstances, the comparison is still argued to give a high qualitative value.
Generalisation to lamellar and spheroidal graphite iron
The micromechanisms responsible for the macromechanical behaviour are expected to be the same regardless of the shape of the graphite and the mechanical behaviour of the matrix. To investigate this, the micromechanical model was also implemented for a lamellar and spheroidal graphite iron, namely EN-GJL-250 and EN-GJS-SiMo5-1, in order to evaluate the generality of the conclusions made on EN-GJV-400. To this end, the model was implemented with the corresponding graphite phase characteristics and the matrix hardening parameters refitted to each material, see Sec. 3.3, while all other parameters and the overall procedure were kept constant between the materials. Moreover, the models were performed with completely debonded matrix-graphite interfaces since the main interest was to assess the stabilised cycle.
The cyclic stress-strain behaviour of the micromechanical model conducted without matrix-graphite bonding behaviour and experimental data of EN-GJL-250 and EN-GJS-SiMo5-1 for stabilised cycles, and the instantaneous value of the elastic modulus as a function of the current applied strain, are shown in Figs. 14 and 15. The comparisons demonstrate that the macromechanical behaviour is qualitatively, and to a large extent also quantitatively predicted by the micromechanical model. The features of the hysteresis loop and the elastic modulus variations are well captured, however, there are some deviations in the absolute values of the latter.
The discrepancies in elastic modulus seen in Figs. 14 and 15 have several possible origins. For EN-GJL-250, it is very likely that the graphite tip stress concentrations were sufficiently high to fracture the adjacent matrix in view of the high strain amplitude applied; resulting in a maximum cyclic stress close to the tensile strength, see Fig. 14a . This is expected to cause a lower elastic modulus in tension (Haenny and Zambelli, 1983) , which consequently can explain why the elastic modulus is overestimated, see Fig. 14b . Furthermore, it should also be noted here that the assumptions regarding the shape and constitutive behaviour of the graphite phase, as well as the interaction behaviour between the matrix and graphite, are highly idealised. For instance, the state of the matrix-graphite interface is in reality unknown, i.e. it can be completely debonded, partially bonded or completely bonded, which also can differ for different graphite particles within the same material. Thus, one possible explanation for the underestimated tensile elastic modulus in EN-GJS-SiMo5-1 is the possibility of neglected remaining cohesion between the phases. Nevertheless, despite the small mismatch in the absolute value in elastic modulus, the characteristics of the constitutive behaviour of the three studied cast iron grades, including the mentioned abnormalities, are well accounted for using the presented micromechanical model. Thus, it is well motivated to consider the identified micromechanisms in Secs. 4.1 and 4.2 as general mechanisms in cast iron.
Conclusions
• It is demonstrated that the complicated cyclic constitutive behaviour of cast iron, involving a non-linear elastic regime, tension- V. Norman, M. Calmunger International Journal of Plasticity 115 (2019) 200-215 compression stress asymmetry, varying elastic modulus and an inflection in the tension-to-compression hardening curve, originates from the interaction behaviour between the matrix and graphite constituents, using a micromechanical model. In initial tension, the absence of non-linearity is found to mainly originate from the successive loss in load-carrying capacity of the graphite phase, which in subsequent cycling, results in the opening and re-contact of the matrix-graphite interface. This interface interaction is shown to qualitatively and quantitatively explain the above mentioned anomalities of the hysteresis loop of cast iron.
• The given model of explanation is validated by comparing the micromechanical model with the experimentally acquired microscopic strain field in EN-GJV-400 at locations where stress concentrations are generated due to the matrix-graphite debonding, using high-resolution digital image correlation of scanning electron images.
